To enhance the corrosion resistance of type 45 steel substrates, a superhydrophobic Ni-P-Al2O3 composite coating was prepared on the type 45 steel substrates with electrochemical machining. The surface morphology, surface roughness, wettability and corrosion resistance of the coating were investigated by using scanning electron microscopy, laser scanning confocal microscopy, optical contact angle measurements and electrochemical analysis. The results show that an irregular micropit structure is obtained after the Ni-P-Al2O3 composite coating was prepared by electrochemical dissolution and fluorosilane modification. There is an obvious increase in the surface roughness of the Ni-P-Al2O3 composite coating. The water contact angle reaches 152.3 degrees on the coating surface. After 25 days, a high hydrophobicity remains, and the water contact angle is 153.4 degrees. Approximately 89.72% of the droplet volume is in contact with air. The superhydrophobic Ni-P-Al2O3 composite coating exhibits a higher corrosion potential of Ecorr=-0.282 V and a lower corrosion current density of Jcorr=7.018×10 -7 A/cm 2 compared to the type 45 steel substrates. The polarization curves of the coating at different times were studied in a 5 wt% NaCl solution to investigate the stability of the superhydrophobic Ni-P-Al2O3 composite coating. The maximum corrosion current density of the superhydrophobic Ni-P-Al2O3 composite coating is 10.254×10 -6 A/cm 2 , and the corrosion rate is 0.124 mm/year. The superhydrophobic Ni-P-Al2O3 composite coating has excellent corrosion resistance.
INTRODUCTION
Metals and their alloys are important engineering materials. The corrosion products on metals can be concealed, which results in premature failure of metallic components, massive economic losses and environmental contamination [1] . There are different techniques for preventing the corrosion of metals. One is the coating of a metal surface with an anticorrosive layer to provide a barrier between the metal surface and the corrosive environment [2] [3] .
Ni-P alloy coatings have been employed in industrial applications due to their excellent properties, such as corrosion and wear resistance. The corrosion behavior of Ni-P deposits has been studied by many scholars [4] [5] [6] [7] . Nanocomposite coatings with better wear resistance and corrosion resistance can be obtained by adding nanoparticles into a Ni-P alloy matrix. Tamilarasan made Ni-PrGO coatings on low carbon steel substrates by electroless plating and found that the addition of rGO particles considerably improved the corrosion [8] . Wang made Ni-P-diamond coatings by electroless plating and found that the addition of diamond particles could substantially improve the wear resistance [9] . A Ni-P-CeO2-RuO2 coating exhibited a higher corrosion potential of Ecorr=-0.349 V and a lower corrosion current density of Jcorr=12 µA/cm 2 compared to Ni-P alloys [10] . It was found that incorporation of nano-Al2O3 improves the corrosion resistance of a steel specimen [11] . Karthikeyan found that the specific wear rate of a Ni-P-Al2O3 coating was lower when compared with that of a Ni-P coating [12] . Sadreddini showed that the incorporation of Al2O3 in a Ni-P coating led to a low corrosion rate by electrochemical impedance spectroscopy (EIS) and polarization techniques [13] . Chen reported that a Ni-P-Al2O3 coating had better corrosion resistance compared to that of a Ni-P coating on mild steel [14] . Recently, superhydrophobic surfaces have gained scientific and technical interest due to their attractive properties [15] , such as self-cleaning [16] , anti-icing [17] , anti-fogging [18] and corrosion resistance [19] . The preparation methods for superhydrophobic surfaces have advanced considerably. These include nanosecond lasers [20] , laser etching [21] , anodization [22] , electron discharge machining [23] , surface template transfer [24] and electrochemical deposition [25, 26] . However, these processes have disadvantages. For example, it is difficult to prepare large areas, and they also require complex equipment. Compared with other methods for preparing superhydrophobic surfaces, electrodeposition is an effective technique for fabricating superhydrophobic coatings and includes the advantages of low cost, reproducibility, scalability, and simplicity, which permit its use for a range of applications [27] [28] [29] .
In this study, we use an electrodeposition technique to prepare a Ni-P-Al2O3 composite coating. The coating is processed by electrochemical dissolution and fluorosilane modification. Scanning electron microscopy is employed to analyze the surface morphology. Moreover, the surface roughness, wettability and corrosion resistance of the coatings are investigated by laser scanning confocal microscopy, optical contact angle measurements and electrochemical analysis, respectively. The superhydrophobic Ni-P-Al2O3 composite coating is obtained by electrochemical dissolution and fluorosilane modification. The superhydrophobic coating can provide effective protection of type 45 steel substrates. This research aims to provide an important reference value for the corrosion protection of metals. The results derived from this research may be used in future industrial applications.
EXPERIMENTAL

Pretreatment of substrate
Type 45 steel substrates (30 mm×8 mm×7 mm) with a chemical composition of 0.42-0.50% C, 0.17-0.37% S, 0.50-0.80% Mn, 0.035% P, 0.035% S, 0.25% Ni, 0.25% Cr and 0.25% Cu were used. A type 45 steel substrate usually requires a series of pretreatment steps to ensure a good quality deposit. The pretreatment series started by degreasing to remove oil contamination and fingerprints and was followed by acidic etching. The last step was applied to remove the oxides and deposits. The bath composition and operating conditions employed for the preparation are given in Table 1 . 
Electrochemical machining
The Ni-P-Al2O3 composite coating was processed by electrochemical dissolution. The cathode was a 304 L stainless steel (30 mm×30 mm×1 mm), and the 1 A direct current had a voltage of 12 V. The electrochemical dissolution time was 5 min and the samples were immersed in a 0.585 wt% NaCl solution.
Treated by fluorosilane solution
The fluorosilane solution comprised fluorosilane (1%) and alcohol (99%). The fluorosilane solution was stirred for 360 min using a magnetic stirring apparatus. The Ni-P-Al2O3 composite coating and the coating from the electrochemical dissolution were washed by ultrasonic cleaning for 5 min and then treated with a fluorosilane solution for 60 min. The sample was dried and then put into a sealed plastic bag.
Characterization and tests
The surface morphology of the coatings was characterized using scanning electron microscopy (SEM). The surface roughness of coatings was measured by laser scanning confocal microscopy (OLS4100), which uses Sa as an evaluation parameter, and the evaluation area was 120 µm×120 µm. The contact angle was measured by optical contact angle measurements (OCA20). The volume of the water droplet was 3 μL, and the water droplet velocity was 1 μL/s. The average value of the contact angle in five different positions was obtained. The corrosion resistance of the coatings was measured by an electrochemical workstation (CS350) in which a NaCl solution of 5 wt% was used as the corrosion medium. The scanning range was from -1 V to 1.5 V, and the scan rate was 0.5 mV/s. Figure 1a shows an SEM image of a Ni-P-Al2O3 composite coating prepared by electrodeposition. Figure 1b shows a high magnification of the boxed area in Figure 1a . The surface of the Ni-PAl2O3 composite coating is dense, and there are no pores. Figure 1c shows the SEM image of the Ni-PAl2O3 composite coating after processing by electrochemical dissolution and fluorosilane modification. Figure 1d shows a high magnification of the boxed area in Figure 1c . The SEM image of the Ni-P-Al2O3 composite coating exhibits significant changes, as shown by the irregular micropit structure in Figure  1d . Figure 2 shows cross-sections of the coatings. The thickness of the Ni-P-Al2O3 composite coating is 34.72 µm in Figure 2a . In addition, Figure 2b shows that the Ni-P-Al2O3 composite coating was not completely removed after electrochemical machining. 
RESULTS AND DISCUSSION
SEM images and thickness of Ni-P-Al2O3 composite coatings
X-ray diffraction analysis of Ni-P-Al2O3 composite coatings
The XRD patterns of the coatings are shown in Figure 3 . Figure 3a shows the XRD patterns of the Ni-P-Al2O3 composite coating prepared by electrodeposition. The three sharp peaks at approximately 2θ=44.706°, 52.124°, and 76.409° are assigned to be the (111), (200), and (220) diffraction peaks of Ni, respectively. Figure 3b shows the XRD patterns of the Ni-P-Al2O3 composite coating after processing by electrochemical dissolution and fluorosilane modification. It can be seen that the strength of the Ni peak (2θ=44.706°) clearly decreases after the electrochemical dissolution, and the two diffraction peaks that appeared at 2θ=52.124° and 2θ=76.409° prior to processing disappeared. The widening of the Ni (111) peak shows the existence of the coatings, indicating that the Ni-P-Al2O3 composite coating was not completely removed after electrochemical machining. Figure 4 shows the surface roughness Sa of the coatings. The data indicates that the surface roughness Sa of the Ni-P-Al2O3 composite coating is 0.52 µm (Figure 4a ). Figure 4b shows the surface roughness Sa of the Ni-P-Al2O3 composite coating processed by electrochemical dissolution and fluorosilane modification. It can be seen that surface roughness Sa clearly increases (Sa=0.93). The surface roughness is mainly affected by the surface morphology. Wan et al. also proved that with increasing surface roughness, the spreading rate gradually decreases, and the apparent equilibrium contact angle changes from 70.2 degrees to 112.6 degrees [30] . Through observation and analysis of the surface morphology of the Ni-P-Al2O3 composite coating after processing by electrochemical dissolution and fluorosilane modification, it can be seen that the surface forms irregular micropits, which results in an apparent increase in the surface roughness. Figure 5 shows the contact angle data of the coating. Figure 5a shows the contact angle data of the Ni-P-Al2O3 composite coating prepared by electrodeposition. The H2O contact angle of the coating surface is approximately 88 degrees. Figure 5b shows that the contact angle of the Ni-P-Al2O3 composite coating processed by electrochemical dissolution and fluorosilane modification. The H2O contact angle reaches 152.3 degrees and achieves a superhydrophobic state. A superhydrophobic surface is often created by two pathways [31] : one is the utilization of the low surface energy of hydrophobic materials, and the other is roughness creation, as in the case of lotus leaves. The SEM images in Figures 1c and 1d show an irregular micropit structure after the Ni-P-Al2O3 composite coating is processed by electrochemical dissolution and fluorosilane modification. As shown in Figure 4b , the surface roughness of the coatings obviously increases, and the surface energy of the coatings is lower after fluorosilane modification.
Surface roughness of Ni-P-Al2O3 composite coatings
Wettability of Ni-P-Al2O3 composite coatings
Figures 5c~5e show the contact angle images of the superhydrophobic Ni-P-Al2O3 composite coating after 5 days and 25 days. Although the contact angle of coatings varies slightly, the contact angle (maximum of 153.4 degrees) is still larger than 150 degrees, which indicates a high superhydrophobicity, indicating that the superhydrophobic coating has good stability. The contact angle  is 88. of the droplet volume is in contact with air, and the volume ratio between the water droplet and solid is very small. Figure 5f shows the resistance to bonding of the Ni-P-Al2O3 composite coating. Figure 7 shows the polarization curves for the type 45 steel substrate and the Ni-P-Al2O3 coating when immersed in a 5 wt% NaCl solution. Table 2 lists the electrochemical dynamic parameters. Dey [34] found that a strong synergy exists between the maximum corrosion resistance and maximum hydrophobicity. The higher the contact angle, the better the corrosion resistance of coating would be. When the immersion time is 0.5 h in NaCl solution, the corrosion potential of the type 45 steel substrate is -0.763 V, and the current density is 8.190×10
Corrosion resistance of Ni-P-Al2O3 composite coatings
-6 A/cm 2 . The corrosion potential of the Ni-P-Al2O3 composite coating is -0.622 V, and the current density is 2.045×10 -6 A/cm 2 . The corrosion rate of the Ni-P-Al2O3 composite coating is 0.025 mm/year. This indicates that the Ni-P-Al2O3 composite coating can effectively protect type 45 steel substrates. Compared with that of the Ni-P-Al2O3 composite coating, the corrosion current density of the superhydrophobic Ni-P-Al2O3 composite coating decreases, reaching 7.018×10 -7 A/cm 2 . The corrosion rate is only 0.008 mm/year, which indicates that the superhydrophobic Ni-P-Al2O3 composite coating has an excellent corrosion resistance, which is consistent with a previous report by Sun [35] . As shown in Figures 1c and 1d , the superhydrophobic Ni-P-Al2O3 composite coating has an irregular micropit structure, which results in a large amount of air remaining in the superhydrophobic coating. This can form a protective "air cushion" layer on the surface of the coating. It then becomes difficult for Cl -in the corrosion solution to get close to the substrate. Thus, the superhydrophobic Ni-PAl2O3 composite coating has excellent corrosion resistance. Ou [36] showed that the Mg-H2O-(PA/Ce)n-HDMS has much better corrosion resistance due to the retained thin layer of air at the solid/water interface in the NaCl aqueous solution. Zheng [37] reported a hierarchical superhydrophobic coating (SHPC), which shows excellent corrosion resistance with protection efficiency of 99.75%. Tang [38] mentioned the superhydrophobic surface offers a superior and stable anticorrosion protection to Al alloy in various corrosive environments. Besides, LI [39] found that the superhydrophobic coatings could supply efficient and long-term preservation for the bare Al substrate by the polarization curve and electrochemical impedance spectroscopy (EIS). In this paper, the Ni-P-Al2O3 composite coating with superhydrophobic surface exhibited excellent performance in terms of corrosion potential and corrosion density. The research results are similar to their conclusions. 0.008
To investigate the stability of the superhydrophobic coating in a corrosive medium, the substrates were immersed in a 5 wt% NaCl solution. Figure 8 shows that the polarization curves change with different immersion times (0.5 h, 1 h, 6 h, 12 h, 24 h, 48 h and 72 h). The data were collected by potentiodynamic scanning. Tafel curves (traditional method) were used to fit the data, and the corrosion potential and corrosion current density were obtained. Table 3 lists the three parameters for the superhydrophobic coating obtained by fitting the polarization curves.
It is known from Figure 8 and Table 3 that the corrosion potential of the superhydrophobic coating increases from 0.5 h to 1 h, and the polarization curve moves in the positive direction, up to -0.256 V. After that, the polarization curve moves in the negative direction. With the immersion time ranging from 0.5 h to 72 h, the corrosion current density and the corrosion rate decrease first and then increase. When the immersion time is 1 h, the corrosion current density and the corrosion rate are lowest. This is because Ni 2+ forms corrosion products, which aggregate on the surface of the electrode and hinder corrosion. The continuous formation of corrosion products on the coating surface and their barrier effect that leads to reduction of current density [40] . With prolonged immersion time, the original oxide layer on the electrode surface becomes thinner. Although the corrosion product can retard the corrosion process, the reaction of the Cl -and metal is strong, and the corrosion rate increased. With the immersion time ranging from 0.5 h to 48 h, it can be seen that the maximum corrosion current density of the superhydrophobic coating is 8.072×10 -6 A/cm 2 , and the corrosion rate is 0.097 mm/year when the immersion time is 48 h. Although the corrosion current density and corrosion rate increase, they are still much lower than those of the type 45 steel substrates. Therefore, the superhydrophobic coating has excellent corrosion resistance and can effectively protect the type 45 steel substrates. In an electrochemical corrosion environment, Ni can form an oxide, which effectively hinders corrosion. The original oxide begins to dissolve first, as shown in reaction (1); then, the metal within the coating in the corrosion solution undergoes active dissolution, as shown in reaction (2) . As the immersed time continues, Ni 2+ reacts further with water to produce corrosion products, as shown in reaction (3).
Namely: Figure 9b shows an image of the corrosion on the Ni-PAl2O3 composite coating. The corrosion products are formed and gathered on the coating surfaces. However, the corrosion morphology of the coating is completely different from that of the type 45 steel substrate. Figures 9c and 9d show an image of the corrosion on the superhydrophobic Ni-P-Al2O3 coating. Figure 10d shows a higher magnification of the boxed area in Figure 9c . The superhydrophobic Ni-P-Al2O3 coating surface also has corrosion products and is therefore still porous. This indicates that the superhydrophobic coating has excellent corrosion resistance and can play a protective role for type 45-steel substrates.
CONCLUSION
We successfully prepared superhydrophobic Ni-P-Al2O3 composite coatings by electrochemical dissolution and fluorosilane modification. The results show that an irregular micropit structure is obtained after the Ni-P-Al2O3 composite coating is processed by electrochemical dissolution and fluorosilane modification. The surface roughness of the Ni-P-Al2O3 composite coating clearly increases. The water contact angle reaches 152.3 degrees on the coating surfaces. After 25 days, a high hydrophobicity remains, and the contact angle reaches 153.4 degrees. Approximately 89.32% of the droplet volume is in contact with the air. The superhydrophobic Ni-P-Al2O3 composite coating exhibits a high corrosion potential of Ecorr=-0.282 V and a low corrosion current density of Jcorr=7.018×10 -7 A/cm 2 compared to the type 45 steel substrate. To investigate the stability of the superhydrophobic Ni-P-Al2O3 composite coating, the polarization curves and electrochemical impedance spectroscopy of the coating at different times were studied in a 5 wt% NaCl solution. The maximum corrosion current density of the superhydrophobic Ni-P-Al2O3 composite coating is 10.254×10 -6 A/cm 2 , and the corrosion rate is 0.124 mm/year. The superhydrophobic Ni-P-Al2O3 composite coating has excellent corrosion resistance and plays a protective role for type 45-steel substrates.
